Introduction
Since 1993, the Metro Wastewater Reclamation District of Denver (Metro District) has been applying biosolids from the Denver metropolitan area to their property near Deer Trail, Colorado ( fig. 1 ), as an agricultural soil amendment. The biosolids are applied to nonirrigated farmland according to agronomic loading rates. More information about the sewage-treatment process that results in the Metro District biosolids is available at http://www.metrowastewater.com. The biosolids-application areas, dates of application, and application rates provided by the Metro District for their properties near Deer Trail for 1999 through 2003 are detailed in Stevens and others (2003) and Yager and others (2004a Yager and others ( , 2004b Yager and others ( , 2004c . As more information becomes available, it will be posted at the USGS project Web page at http: //co.water.usgs.gov/projects/CO406/CO406.html. In 1999, the Metro District property, known as the METROGRO Farm, encompassed about 81 mi 2 (52,000 acres) of farmland in Arapahoe and Elbert Counties, Colorado. The Metro District property and surrounding private property are herein referred to as "the study area." Soils in the study area generally are sandy or loamy on flood plains and stream terraces, clayey to loamy on gently sloping to rolling uplands, and sandy and shaley on steeper uplands. About one-half of the Metro District property is farmed; the remaining is rangeland with some pasture. Land use within the rest of the study area during 1993 through 2007 mostly was rangeland or pasture with some cropland. Farmland in the study area was not irrigated. Biosolids were applied to the land surface of the Metro District property as an agricultural soil amendment, and the primary crop was wheat. Figure 2 shows a typical example of what fresh biosolids (the darker colored patches with the white arrows) look like on the landscape after a single broadcast application.
Figure 2. Biosolids as typically seen after broadcast application to agricultural land.
Public concern about applications of biosolids to farmland increased after the Metro District agreed to accept treated ground water from the Lowry Landfill Superfund site in Denver. The U.S. Geological Survey (USGS), in cooperation with the Metro District and (in 1999) the North Kiowa Bijou Groundwater Management District, studied natural geochemical conditions and the effects of biosolids applications to the Metro District properties near Deer Trail, Colorado, during 1999 through 2007. The study addressed the concerns about biosolids applications and other farmingrelated effects on the environment. The objectives of this USGS study were to (1) evaluate the combined effects of biosolids applications, land use, and natural processes on soil, crops, the bedrock aquifer, alluvial aquifers, and streambed sediments by comparing chemical data to regulatory standards, data from a site where biosolids are not applied (a control site), or earlier data from the same site (trends); (2) monitor biosolids for trace elements and radioactivity and compare trace-element concentrations and radioactivity with regulatory standards; and (3) 
Methodology
Biosolids are solid organic matter recovered from a sewage-treatment process that meets State and Federal regulatory criteria for beneficial use, such as for a soil amendment. Figure 3 shows freshly collected biosolids from the Metro plant spread out in a plastic-lined box to dry. Biosolids are moist (usually ranging 75 to 85 percent moisture) and have a firm, puddinglike texture. The regulations state that land-applied biosolids must meet or exceed Table 1 The biosolids-application areas, dates of application, and application rates provided by the Metro District for their properties near Deer Trail are detailed in Stevens and others (2003) and Yager and others (2004a Yager and others ( , 2004b Yager and others ( , 2004c .
Priority parameters identified by stakeholders for biosolids (arsenic, cadmium, copper, lead, mercury, molybdenum, nickel, selenium, and zinc; gross alpha and gross beta radioactivity, and plutonium isotopes; and later in the study, total sulfur) included the nine trace elements regulated by the State of Colorado for biosolids. No samples during 2007 were analyzed for gross alpha and gross beta radioactivity and plutonium isotopes. At this time, analyses are pending and therefore no discussion of these analytes is presented in this report. Consult table 1 for a complete list of the priority elements determined by the various analytical methods. Additional elements were determined by the multielement inductively coupled plasma-mass spectrometry (ICP-MS) method (Briggs and Meier, 1999; Taggart, 2002) . For 2007, biosolids samples were collected monthly. Biosolids samples were collected directly from the Metro District facility's processing line in Denver, rather than from individual trucks or fields near Deer Trail, to ensure a more representative sample. Each biosolids sample was a 24-hour composite of 12 subsamples collected about every 2 hours by Metro District personnel at the Metro District facility. The subsamples were collected from the conveyor belt that transfers the biosolids into the transport trucks. The samples were prepared and analyzed at the chemical laboratories of the USGS in Denver, Colorado. The biosolids material was air dried under forced air and an infrared lamp (surface temperature ~40 o C) and then ground in an agate-lined shatter box to less than 150 μm prior to chemical analysis. Complete details of the analytical methods and the quality-assurance protocols used are described by Stevens and others (2003) , Taggart (2002 ), and Yager and others (2004a , 2004b , 2004c . For quality control and quality assurance control, the National Institute of Standards and Technology (NIST) standard reference material (SRM) 2781, domestic sludge, was analyzed with the 2007 biosolids samples.
Because of the time-consuming, tedious nature of the four-acid digestion method prior to the elemental determinations by ICPMS (Briggs and Meier, 1999) , an alternate digestion method was investigated. The alternate method was a closed-vessel, microwave-assisted nitric acid digestion controlled by both temperature and pressure monitoring. Closed vessels offer increased analytical accuracy due to minimal losses of analytes and reagents. Uniform results are seen also because of the simultaneous homogeneous heating of all 48 vessels in the microwave cavity.
The microwave digestion system used was the Multiwave 3000® microwave sample preparation platform system of Anton Paar®, Graz, Austria.
The following is taken directly from the manufacturer's brochure for this system: The pressure rate was set at 0.4 bar/second with the upper pressure limit set at 20 bar. The temperature maximum for the vessel exterior was set at 140˚C. Total digestion time was 45 minutes and 30 minutes cooling time in the Multiwave® 3000.
Multiwave® 3000 Specifications

Vessels
After the samples had cooled to room temperature, the samples were quantitatively transferred to 50-mL centrifuge tubes and brought up to 20 mL with 18 Ω DI (deionized water) water. The solutions were diluted an additional 1:10 with 18 Ω DI for analysis by ICP-MS.
Discussion and Results
Biosolids exceeding the standards for trace elements could adversely affect the quality of soil on which the biosolids are applied and could alter Metro District plans for the application of biosolids in Arapahoe and Elbert Counties. The composition of biosolids was monitored to provide an independently determined data set against which the Metro District chemical analyses and the regulatory standards for biosolids can be compared. The 2007 data will also augment the chemical baseline, against which any future change in the concentration of constituents analyzed for in this study may be recognized, measured, and compared, that has been established earlier by Crock and others (2008) . This data set will also enhance the "geochemical signature" for biosolids that will potentially enable scientists to recognize when biosolids have affected soils or stream sediments. fig. 4) showed the most variability with its high and low concentration differing by a factor of 6. The other eight elements varied by a factor of 3 or less. All trace-element concentrations were less than the maximum allowable concentrations established for Table 3 (Grade I) biosolids. (Note that molybdenum does not have a maximum allowable concentration established for Table 3 biosolids. The value used is that for Table 1 biosolids.)
In conclusion, chemical data for biosolids samples collected from the Metro District plant over a 9-year period (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) show that all nine of the trace elements for which regulatory limits are established maintained relatively uniform concentrations and never exceeded the maximum allowable levels for Table 3 (Grade I) biosolids.
In addition to the nine trace elements that have regulatory standards established, the USGS analyzed the samples for many other elements. Of the regulated elements, mercury and copper had the highest concentrations in biosolids compared to concentrations in soil. Of the nonregulated elements, silver, phosphorus, and bismuth have the highest concentrations in biosolids compared to soils (Yager and others, 2004a (Yager and others, , 2004b (Yager and others, , 2004c . For this reason, these five elements would be the most likely "geochemical signature" to indicate that soils or stream sediments may have been affected by biosolids. Table 4 lists the analytical results for the microwave digestion followed by ICP-MS analysis. Table 5 lists the average difference in concentration units between the microwave digestion method and the four-acid digestion for all 27 samples. This difference is the microwave value minus the four-acid value. The next column in table 5 lists this difference as a relative percentage of the average four-acid value for each element. This indicates the ability of the microwave to recover analytes as compared to the four-acid digestion. Negative values indicate incomplete recovery of a given analyte. Averages of all the samples for each of the elements were used as an indication of similarity since the values for a given element ranges so small, as indicated in figures 4-9. A regression analysis would be difficult to interpret. The next two columns of table 5 list the absolute maximum and minimum difference values between the two digestion methods in analyte concentration units.
For the elements reported by the ICP-MS method (cadmium, copper, lead, nickel, molybdenum, and zinc), the microwave digestion does give reasonable and acceptable recovery for cadmium (102.3 percent, relative), lead (98.7 percent, relative), and molybdenum (94.8 percent, relative). However, the microwave method does not give sufficient recovery for copper (91.3 percent, relative), nickel (91.5 percent, relative), and zinc (90.2 percent, relative). These differences are too large to change methods midstudy. There would be a very noticeable shift in the data as presented in figures 4-12. There are also substantial differences (low recovery rates) for elements not regulated, but of interest. These would include iron (89.4 percent, relative), phosphorus (92.6 percent, relative), silver (88.0 percent, relative), sodium (37.2 percent, relative), and titanium (11.3 percent, relative). Many others, including the rare earths and alkali and alkaline earth elements, have low recovery by the microwave digestion method for biosolids. As a result of these lower recovery rates, the four-acid digestion will be continued for this study. However, for different studies, the microwave method may prove to be a feasible alternative to the four-acid method.
thank Paul J. Lamothe and Murray Beasley, with the analytical chemistry laboratories of the USGS, Denver, for their efforts in the preparation and analyses of the samples for this study and Richard O'Leary and Paul J. Lamothe for their very helpful review of the manuscript. There is no current biosolids regulation limit for total sulfur. Table 2   Table 3 . Analytical results for the 2006 biosolids samples using the traditional methods of digestion. Table 3   Table 4 . Analytical results for the 2006 and 2007 biosolids samples using the microwave digestion method. 
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